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The effects of pressure on micromechanical air-filled cavities made by a pair of suspended, parallel silicon
nitride membranes are investigated in the free molecular and quasi-molecular regimes. Variations of the fun-
damental drummode mechanical resonant frequencies and damping with air pressure are determined by means
of optical interferometry. A kinetic damping linear friction force and a positive resonant frequency shift due to
the compression of the fluid between the membranes are observed to be proportional with pressure in the range
0.01-10 mbars. For resonators with near-degenerate modes hybridization of the modes due to this squeeze film
effect is also observed and well accounted for by a simple spring-coupled oscillator model.
Due to their high frequency, low mass and the possibil-
ities for electric, magnetic or optical activation, suspended
micromechanical resonators are ubiquitous in force sensing,
mass detection, displacement measurements, atomic force mi-
croscopy or signal processing [1–3]. At low pressures the
damping of vibrating nano- and microstructures is essentially
determined by material properties and boundaries [4], allow-
ing, e.g., for high sensitivity mass measurements [5, 6]. As
the pressure is increased fluid-structure interactions typically
become the dominant source of damping and limit the qual-
ity factors of the mechanical resonances. For nano- and mi-
croscale devices structures surrounding the resonator which
constrain the gas flow and, for small gaps, can lead to squeeze
film effects which appreciably modify mechanical resonance
frequencies and damping [7]. Squeeze film effects have been
investigated for a variety of resonators [7–13] and can be ex-
ploited, e. g., in pressure sensing [14–17] or ultrasonic trans-
duction [18–20] applications.
In this letter we experimentally investigate the effect of
pressure on the mechanical properties of a pair of suspended,
parallel silicon nitride membranes forming few micron-long
cavities. The variations of the fundamental square drummode
frequencies and quality factors are determined by optical in-
terferometry for pressures between 10−5 and 10 mbars, and
compared with those of single membrane resonators. For res-
onators with well-separated mechanical resonance frequen-
cies damping is found to be essentially of kinetic origin when
the pressure increases, whereas the compressibility of the fluid
is observed to add a positive mechanical spring constant which
is proportional with pressure. In the case of membranes with
near-degenerate mode frequencies hybridization of the vibra-
tional modes of both membranes is observed. The experimen-
tal observations are in excellent agreement with theoretical
predictions taking into account squeeze film effects in the rar-
efied air regime.
Since such suspended membranes have demonstrated
record-high mechanical quality factors [21], very low optical
losses, excellent optomechanical properties [22] and capabili-
ties for low-noise electro-opto-mechanical signal transduction
and detection [23–25], gas-coupled multiple membrane res-
onators, such as the ones investigated in this work, are promis-
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FIG. 1. Schematic sideviews of single-membrane (a) and double-
membrane (b) resonators. c) Photograph of a double-membrane res-
onator.
ing for realizing integrated micromechanical cells for pressure
sensing and ultrasound transduction applications [26], spec-
troscopy [27] or for collective and hybrid optomechanics [28–
32].
A schematic of the suspended membrane drums used in
this work is shown in Fig. 1. A pair of high tensile stress
(∼ 715 MPa), square silicon nitride membranes (thickness
t = 92 nm, lateral dimension a = 500 µm) on a 5 mm-
square silicon frame (Norcada Inc., Canada) and separated by
a spacer with thickness d = 8.5 µm, constitute the air-filled
cavity. The membranes exhibit fundamental square drum-
mode frequencies ω/(2pi) ∼ 720 kHz with vacuum quality
factors of a few 105 [33]. The vibrational noise spectrum of
the resonators are determined by injecting the light from an
external cavity diode laser (wavelength 900-920 nm) into a 6
mm-long linear Fabry-Perot interferometer consisting of the
double-membrane resonator and a 50% transmittivity beam-
splitter and analyzing the transmission signal measured by a
fast photdetector with a spectrum analyzer. We investigate
squeeze film effects on these structures in the range 10−5-10
mbars.
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FIG. 2. Variation of the fundamental mode mechanical quality factor
with pressure for a single resonator (crosses) and a double-membrane
resonator (triangles). The lines show the theoretical predictions in-
cluding intrinsic and kinetic damping.
Different regimes for the dynamics of the resonator in the
fluid can be distinguished based on the Knudsen number,
which is the ratio of the gas molecule mean-free path and the
typical structure dimension. High Knudsen numbers (& 10)
correspond to the free molecular – or rarefied air – regime, in
which kinetic damping caused by molecules bouncing off the
moving film leads to a friction force proportional with pres-
sure [34], while at low Knudsen numbers (. 0.01) the gas
acts as a viscous fluid and damping becomes independent of
pressure, with a transition regime in between. These regimes
have been investigated with a number of suspended resonators
spanning a broad range of sizes and frequencies [10, 35–43].
Since the Knudsen number is here of order unity at ∼ mbar
pressures, the dynamics happen in the transition regime be-
tween the free molecular and the viscous regimes. In the lat-
ter, the strengths of the elastic and damping forces depend on
the dimensionless squeeze number [44], σ = 12µa2ω/pd2,
where µ is the fluid viscosity and p the pressure. At atmo-
spheric pressure, σ ∼ 40 for our resonators, which suggests an
essentially elastic squeeze film force and negligible squeeze
film damping. In the free molecular regime, as discussed
in [12, 43], a more relevant quantity to discuss the nature of
the trapping of the fluid is the product ωτ of the mechanical
frequency by the molecular diffusion time to equalize the pres-
sure inside and outside the gap. Estimating τ for our structures
as in [12] gives ωτ ∼ 80, also predicting an essentially elastic
squeezed film force in this regime.
Figure 2 shows the variations of the mechanical quality fac-
tor of the fundamental mode when the pressure P in the vac-
uum chamber is varied for a single membrane (Fig. 1a) and
for a double-membrane resonator (Fig. 1b). The Q-factors
were measured by ringdown spectroscopy in the range 10−6-
10−1 mbar or by Lorentzian fits to the thermal noise spec-
trum in the range 10−2-10 mbars. These variations are well-
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FIG. 3. Noise spectra for a double-membrane resonator with well-
separated frequency modes, at different pressures ranging from 0.18
to 5.1 mbar from top to bottom (the spectra are offset vertically for
visibility). The inset shows the resonance frequency shifts as a func-
tion of pressure for single membranes (crosses) and the membranes
of an array (circles and squares). The lines show the results of the
squeeze film predictions.
reproduced by the expression Q = 1/(Q−1i + Q
−1
air ), where Qi
is the intrinsic (vacuum) Q-factor and Qair = ω/γair is the Q-
factor value predicted when kinetic damping dominates in the
free molecular regime [34] with a damping rate
γair = 4
√
2
pi
√
M
RT
P
ρt
(1)
with ρ = 2700 kg/m3 being the density of silicon nitride,
M the molar mass of air, R the ideal gas constant and T
the temperature. The observation that single- and double-
membrane resonators exhbit the same (kinetic) damping show
that squeeze film damping is negligible, as expected.
Figure 3 shows typical vibrational mode spectra for a
double-membrane resonator at different pressures, as well as
the variations of the resonant frequency of the fundamental
mode with pressure for both single- and double-membrane
resonators. The resonance frequencies were determined via
a Lorentzian fit to the spectrum and the shift measured with
respect to the low-pressure value. A negative frequency shift,
∆ f = −52 Hz/mbar, is observed for single membranes, in ac-
cordance with the fact that the effective mass of the displaced
fluid has to be added to the resonator mass (the shift due to
the decrease in Q is still negligible at these pressures). In con-
trast, the double-membrane resonator modes at 712 and 733
kHz exhibit much larger and positive linear frequency shifts.
Indeed, as the pressure is increased, the isothermal spring con-
stant of the gas kair = Pa2/d is added to the natural spring
constant, k = mω2, where m is the oscillator mass. When
kair  k this results in a positive linear frequency shift for the
two modes of 842 and 818 Hz/mbar, as is corroborated by the
experimental observations.
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FIG. 4. Noise spectra for a double-membrane resonator with near
degenerate frequency modes. The solid lines show the result of a
global fit to the theoretical model. The inset show the hybridized
mode frequency shifts as a function of pressure (full symbols), while
the frequency shifts for the resonator with well-separated frequency
modes used in Fig. 3 (open symbols) are shown again for compari-
son.
The results presented so far concerned double-membrane
resonators with well-separated mode frequencies. Interest-
ingly, due to the high degree of uniformity exhibited by mem-
branes from the same fabrication batch, several of the assem-
bled arrays displayed near-degenerate frequency modes. In
that case, not only does the gas modify mechanical damp-
ing and resonant frequencies, but it can also couple the vi-
brational modes of each membrane when the air-induced shift
becomes of the order of the mode frequency separation. This
behavior can be observed in Fig. 4, which shows typical noise
spectra of a double-membrane resonator for which the fun-
damental modes of each membrane are separated by only
0.2 kHz in vacuum. As the pressure is increased, the modes
are clearly seen to hybridize into a “dark” mode whose spring
constant remains essentially unchanged and a “bright” mode
whose spring constant is effectively doubled as compared to
the non-interacting mode scenario. The spectra can be well-
reproduced by a simple coupled oscillator model, in which
two modes with natural frequencies ωi and vacuum Q-factors
Qi = ωi/γi (i = 1, 2) experience a kinetic damping friction
force and a squeeze film-mediated elastic coupling, both pro-
portional to the pressure. The fluctuations of the membrane
displacements around equilibrium in Fourier space, x1(ω) and
x2(ω), are then given by[
ω21 − ω2 − iω(γ1 + γair)
]
x1 + kair(x1 − x2) = F th1 + Fair1 , (2)[
ω22 − ω2 − iω(γ2 + γair)
]
x2 + kair(x2 − x1) = F th2 + Fair2 , (3)
where F th1,2 and F
air
1,2 are thermal and kinetic damping noise
Langevin forces. To measure the noise spectra, the length
of the interferometer is stabilized at the maximum slope of
its transmission and the wavelength of the incoming light is
varied so at to maximize the optomechanical response, and
thereby the noise spectra amplitudes, of the compound three-
mirror system [45]. The measured noise spectrum thus cor-
responds to that of an a priori unknown linear combination
of the membrane displacements a[cos(θ)x1 + sin(θ)x2], which
depends on the modematching of the interferometer, the over-
lap between the optical beam and the mechanical modes, the
distances between the mirrors and the operating wavelength.
The results of a global fit with the model, with a and θ as free
parameters and with γair and kair as given by the theoretical
predictions, are shown in Fig. 4 and are seen to well reproduce
the measured spectra. The independently measured resonance
frequency shifts (inset of Fig. 4) from Lorentzian fits to the
spectra, are likewise in good agreement with the theoretically
expected shifts of ' 0 and 1664 Hz/mbar.
To conclude, squeeze film effects in micromechanical
membrane cavities have been investigated in the molecular
and quasi-molecular regimes and squeeze film-induced hy-
bridization between modes of distinct resonators has been ob-
served. While the intermembrane spacing was fixed in this
work to 8.5 µm, it could easily be reduced in order to in-
crease the magnitude of the squeeze film effects. Appro-
priately choosing the membrane dimensions and frequencies
would allow for optimizing such simple gas coupled microme-
chanical cavities for either pressure sensing or for frequency
shift gas sensing (for monitoring gas density change or ad-
sorption mass loading) applications [12].
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